Reduction of cross-plane thermal conductivity and understanding the mechanisms of heat transport in nanostructured metal/semiconductor superlattices are crucial for their potential applications in thermoelectric and thermionic energy conversion devices, thermal management systems, and thermal barrier coatings. We have developed epitaxial (Ti,W)N/(Al,Sc)N metal/semiconductor superlattices with periodicity ranging from 1 nm to 240 nm that show significantly lower thermal conductivity compared to the parent TiN/(Al,Sc)N superlattice system. The (Ti,W)N/(Al,Sc)N superlattices grow with [001] orientation on the MgO(001) substrates with well defined coherent layers and are nominally single crystalline with low densities of extended defects. Cross-plane thermal conductivity (measured by time-domain thermoreflectance (TDTR)) decreases with an increase in the superlattice interface density in a manner that is consistent with incoherent phonon boundary scattering. Thermal conductivity values saturate at 1.7 W/m-K for short superlattice periods possibly due to a delicate balance between long wavelength coherent phonon modes and incoherent phonon scattering from heavy tungsten (W) atomic sites and superlattice interfaces. First-principles density functional theory based calculations are performed to model the vibrational spectrum of the individual component materials and transport models are used to explain the interface thermal conductance (ITC) across the (Ti,W)N/(Al,Sc)N interfaces as a function of periodicity. The long-wavelength coherent phonon modes are expected to play a dominant role in the thermal transport properties of the short-period superlattices. Our analysis of the thermal transport properties of (Ti,W)N/(Al,Sc)N metal/semiconductor superlattices addresses fundamental questions about heat transport in multi-layer materials.
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Introduction
Thermal transport in superlattice metamaterials has attracted significant interest [1] [2] [3] in recent years due to the ability of superlattice metamaterials to serve as model systems where advanced theoretical concepts of heat conduction [4] [5] can be demonstrated and verified. A detailed understanding of the various heat transport mechanisms in superlattices is crucial for designing advanced thermoelectric and thermionic energy conversion devices [6] [7] as well as thermal barrier coatings 8 with improved efficiencies. Heat conduction in superlattices can be engineered through mechanisms such as acoustic impedance mismatch [9] [10] [11] [12] , boundary resistance at the interfaces 13 , alloy scattering [9] [10] [11] , phonon miniband formation 12 , phonon tunneling 14 , and coherent phonon heat transport [4] [5] 15 . In the case of thermoelectric applications, it is generally necessary for the cross-plane thermal conductivity of the superlattices to be below about 1 W/m-K at the operating temperatures.
Theoretical models [16] [17] have predicted that epitaxial metal/semiconductor superlattices with optimized Schottky barrier heights and low cross-plane thermal conductivities should exhibit high thermoelectric figure-of-merit (ZT) values at high operating temperatures. Most of the studies of heat transport mechanisms in superlattices employ semiconductor/semiconductor superlattices [18] [19] . There are a few reports on thermal transport in metal/semiconductor superlattices, specifically epitaxial ZrN/ScN [20] [21] and HfN/ScN 22 superlattice systems.
We recently developed the first epitaxial, single crystalline TiN/(Al,Sc)N metal/semiconductor superlattice 23, 24, 25 system that can be free of extended defects in a relaxed or nearly relaxed state. We analyzed the cross-plane thermal properties of these superlattices and observed an incoherent to long-wavelength coherent phonon regime transition (see Ref. 26) . The superlattices also exhibited extremely high interface thermal conductances (ITC) due to the dominance of long wavelength coherent phonon modes that do not see superlattice interfaces and travel ballistically across the superlattice. While the observation of such coherent phonon modes in thermal transport across TiN/(Al,Sc)N superlattices was the first of its kind, the room temperature thermal conductivity of the superlattices varied between 4.5 to 9 W/m-K depending on the period thickness, which is too high for practical thermoelectric applications. In this report, we present results on the reduction of cross-plane thermal conductivity through heavy element alloying effects that result in room temperature thermal conductivity values as low as individual layers isostructurally grown onto the MgO(001) substrates.
The clearly visible superlattice satellites (see Fig. 1 
Electron Microscopy Characterization
Microstructural details of the superlattices were analyzed by high-resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field (Fig 3(b) ) show the lattice fringes (in the inset) that confirm the high crystalline quality at the interfaces and within the layers. Our microscopy analyses also show some interfacial dislocations, however we have been unable to identify their origin and role in relieving misfit strain, if any.
Thermal Conduction

Room Temperature Measurements
The resistance that adds up in series. We kept the total superlattice thickness constant so that a decreasing period thickness results in an increasing number of interfaces, thereby increasing the total interface resistance and reducing the cross-plane thermal conductivity.
The saturation of thermal conductivity at 1.7 W/m-K for short superlattice period thickness values (2 nm to 4 nm) cannot be attributed to any specific scattering mechanism. All incoherent scattering mechanisms, such as alloy scattering or interface scattering will have a diminishing effect on the thermal conductivity as the density of scattering centers becomes sufficiently high. Therefore, we cannot quantitatively separate the role of coherent or incoherent scattering on the saturating thermal conductivity at small period thicknesses. However, we have previously described that phonon transport at such low period thicknesses in 12, 31 have suggested that superlattices may overcome this traditional barrier. Therefore, in terms of basic scientific pursuits, our results are yet another demonstration of superlattices to achieve thermal conductivity lower than the alloy limit. It is important to note that while the minimum thermal conductivity of TiN/(Al,Sc)N superlattice was obtained at 4 nm periods, its value was not lower than the equivalent alloy.
Temperature dependent thermal conductivity
We measured the temperature-dependent cross-plane thermal conductivity of the superlattices and alloys in the 300K to 500K-temperature range to understand details of the heat transport mechanisms. We also measured the temperature- The thermal conductivity of the 240 nm period superlattice (i.e. only one period) increases by ~20 % from 300K to 500K -expected behavior given that half of the total thickness (120 nm) is contributed by Ti 0.7 W 0.3 N. The thermal conductivities of the 3 nm and 10 nm period superlattices increase by ~25% and ~30%, respectively, from 300K to 400K, but saturate from 400K to 500K. The overall thermal conductivity of the short-period superlattices does not follow the same trend as in the case of the 240 nm period bilayer due to the thinner Ti 0.7 W 0.3 N layers. However, a significant electronic contribution to thermal conductivity is still present in the short-period superlattices at high temperature. Otherwise the thermal conductivity would have decreased significantly due to anharmonic Umklapp scattering.
Interface Thermal Conductance
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This assumption implies that phonon scattering is diffusive within an individual layer even though its thickness might be small, which should be true when the layer thickness is larger than the phonon mean free path. Scenario (b) assumes that phonons travel ballistically (i.e. no resistance) through the individual layers such that the entire resistance of the superlattices is assumed to be at the interfaces. It is also important to note that a single average thermal interface resistance can explain the superlattice interface number dependence from 1 nm to 240 nm.
However, the TiN/(Al,Sc)N superlattices show at least three regimes where ITC changes by a factor of about five between small number of superlattice interfaces and a large number of interfaces.
Modelling Vibrational Spectra and Interface Thermal Conductance
Theoretical models like AMM and DMM require phonon group velocities and Debye temperatures of the individual materials to predict the ITC. However, The phonon dispersion spectrum (Fig. 6(a) The phonon densities of states (DoS) (presented in Fig 6(c) ) reveal significant information about the transport mechanism across the interfaces. suggests that some optical modes, which are neglected in the DMM analysis with the Debye approximation analysis, have relatively larger group velocities and they contribute significantly to the phonon thermal conductance across the superlattice interface.
In our modeling analysis, we haven't incorporated the electronic contribution to the interface thermal boundary resistance and thermal conductivity. anticipate that the barrier height across the (Ti,W)N/(Al,Sc)N interface would be large and there wouldn't be appreciable electrical current across the interface at room temperature. Therefore, thermal transport in these nitride superlattices is likely to be primarily governed by lattice contributions or phonons at room temperatures, and it is safe to neglect the electronic contribution to the thermal conductivity at room temperatures.
Modeling Alloy Scattering
To explain the suppression of coherent effects in (Ti, 
Conclusions
We have presented a detailed analysis of the growth, characterization, and to engineer heat transport in a metal/semiconductor superlattice to achieve a desired functionality and the findings of this study can be extended to other practical superlattice metamaterials.
Figure Captions
